INTRODUCTION
============

Adriamycin (ADR)-induced nephropathy is a murine model of human focal glomerulosclerosis, which is characterized by podocyte damage, glomerular sclerosis, fibrosis, and tubulointerstitial inflammation ([@B1]). ADR is an anti-neoplastic anthracycline isolated from *Streptomyces peucetius* and has been widely used for the treatment of patients with different cancers; however, it causes severe nephrotoxicity because of the high accumulation in the kidney ([@B2]). ADR is toxic to endothelial cells and podocytes, resulting in a subsequent change in glomerular filtration with an increase in serum creatinine and proteinuria levels ([@B1][@B3][@B4]). ADR also exacerbates fibrosis as indicated by an increase in the accumulation of extracellular matrix in the tubulointerstitium ([@B5]). Histological assessment of the kidneys of ADR-injected mice shows severe tubulointerstitial inflammation with marked infiltration of CD4^+^ T cells, CD8^+^ T cells, B cells, and inflammatory M1 macrophages and low infiltration of Tregs ([@B6]).

Mesenchymal stem cells (MSCs) are multi-potent cells capable of differentiating into osteoblasts, chondrocytes, and adipocytes ([@B7][@B8]). MSCs secrete wide range of soluble factors that are beneficial for tissue repair, anti-fibrosis, anti-apoptosis, and immunomodulation ([@B9]). Several studies have shown that MSCs ameliorate renal injury in ADR-, cisplatin-, and adenine-treated animal models and an ischemia-reperfusion injury model ([@B8][@B10][@B11][@B12][@B13][@B14][@B15]). However, the mechanisms underlying their efficacy have not been fully elucidated. In this study, we examined how MSCs ameliorate renal injury in ADR-treated mice.

MATERIALS AND METHODS
=====================

MSCs
----

Human bone marrow-derived MSCs were obtained from Corestem Inc. (Seoul, Korea) ([@B16]). In brief, bone marrow was aspirated from the posterior iliac crest of healthy donors and mononuclear cells were isolated using Ficoll (Ficoll-Paque Premium; GE Healthcare Bio-Sciences AB, Uppsala, Sweden) density gradient centrifugation. These cells were cultured in CSMB-A06 medium (Corestem Inc.) containing 10% FBS (BD Biosciences, Franklin Lakes, NJ, USA), 2.5 mM L-glutamine, and penicillin/streptomycin (WELGENE Inc., Gyeongsan, Korea) in a 7% CO~2~ incubator at 37°C. When the cultures reached 80% confluence, MSCs were harvested using 0.125% trypsin-EDTA (Thermo Fisher Scientific, Waltham, MA, USA). MSCs had high expression levels of CD29, CD44, CD73, and CD105 and low expression levels of CD34 and CD45. All human MSC studies were approved by the Institutional Review Board of Hanyang University Hospital and were carried out in accordance with their approved guidelines; all participants provided written informed consents.

ADR-induced nephropathy
-----------------------

Male BALB/c and C57BL/6 mice were purchased from Samtako (Osan, Korea). Chitinase 3-like 1 (CHI3L1) knockout (KO) mice on C57BL/6 background were provided by Dr. Lee CG (Brown University, Providence, RI, USA) ([@B17]). All mice were used at the age of 6 to 8 weeks. Mice were housed in specific pathogen--free conditions at 21°C--24°C with 40%--60% relative humidity under a 12 h light/dark cycle (n=6--7). Mice were intravenously injected with PBS or 10 mg/kg of ADR (Santa Cruz Biotechnology Inc., Dallas, TX, USA) on day 0 ([@B18]). ADR-treated mice were intravenously injected with PBS or MSCs (1×10^6^ cells/mouse) on day 7 and 14. Survival was examined every day and body weights were checked every week. Urine and serum were collected on day 28 and stored at −70°C until use. Proteinuria level was measured with a kit from Thermo Fisher Scientific and serum creatinine level was measured with a kit from Alpha Diagnostic International (San Antonio, TX, USA). All animal studies were approved by the Chungbuk National University Animal Experimentation Ethics Committee and were carried out in accordance with the approved guidelines.

RT-quantitative PCR (RT-qPCR) and ELISA
---------------------------------------

Total RNA was isolated using TRIzol Reagent (Thermo Fisher Scientific). cDNA was synthesized from 1 µg total RNA using an RT kit (Bioneer, Daejeon, Korea). The levels of mRNAs of diverse molecules were examined by qPCR with SYBR Green Master Mix (Qiagen, Hilden, Germany) and a StepOnePlus real-time PCR System (Applied Biosystems, Foster City, CA, USA) ([@B19]). The relative quantification (RQ) of mRNA levels in each sample was calculated based on its threshold cycle (Ct) in comparison to the Ct of the housekeeping gene β-actin. CHI3L1 levels in serum were measured by ELISA (Bio-Techne, Minneapolis, MN, USA).

Renal histology
---------------

Kidneys were ﬁxed in 10% neutral buffered formalin solution (Sigma Aldrich, St. Louis, MO, USA) and then embedded in parafﬁn. Tissue sections (4-µm thick) were stained with periodic acid-Schiff (PAS) or Masson\'s trichrome and viewed though a microscope. Glomerular size was measured using image analysis program of AxioVision microscope (Zeiss, Oberkohen, Germany). The glomerular sclerotic index was scored using a previously described method: L0, no lesion; L1, 1 to 24% sclerotic; L2, 25% to 49% sclerotic; L3, 50% to 74% sclerotic; and L4, 75% to 100% sclerotic. The glomerulosclerosis score was obtained using the following equation ([@B20]):

(1×Number of L1 glomeruli+2×Number of L2 glomeruli+3×Number of L3 glomeruli+4×Number of L4 glomeruli)×100%/Total number of glomeruli

Fifty glomeruli were analyzed per section. The tubular damage was scored as follow: 0, no ﬁbrosis; 1, very mild focal dilation of tubules; 2, larger number of dilated tubules with widening of the interstitium; 3, fairly extensive dilation of tubules with cystic formation and widening of interstitium; and 4, entire atrophy of tubules ([@B21]). Kidney sections were also immunostained with antibodies against mouse desmin (Dako, Santa Clara, CA, USA). Positively stained cells appeared brown ([@B1]).

Podocytes
---------

Kidneys from male BALB/c mice at 9 wk of age were minced into small pieces and digested with 2 mg/ml of collagenase (Sigma Aldrich) in RPMI-1640 medium containing 10% FBS at 37°C for 40 min ([@B22]). The specimens were then passed through a 100-μm cell strainer (BD Biosciences), and treated with ACK lysis buffer to remove red blood cells ([@B22]). Upon washing with medium, Specimens were treated with 0.5 mg/ml of collagenase and dispase II (Sigma Aldrich) and 0.075% trypsin (Sigma Aldrich) in medium at 37°C for 20 min. Single cells were finally obtained by passing the samples through a 25-μm filter to remove incompletely dissociated renal tissues. For the purification of podocytes, single cells were incubated with CD31 MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany), and CD31-positive endothelial cells were then excluded using the MACS system with MS columns (Miltenyi Biotec). The CD31-negative fractions, which passed through the magnetic columns, were subsequently subjected to the second MACS separation using anti-nephrin antibody (R&D Systems, Minneapolis, MN, USA). The cells were labelled with 10 μg of biotin-conjugated antibody recognizing nephrin, followed by incubation with Streptavidin MicroBeads and separation using the MACS system with MS columns. The positive fractions were collected and cultured in collagen I-coated dishes.

Western blotting
----------------

Whole cell lysates were prepared as previously described ([@B23]). Detergent-insoluble material was removed, and equal amounts of protein were fractionated by 10% SDS-PAGE and transferred to pure nitrocellulose membranes. Membranes were blocked with 5% (w/v) skim milk in 0.05% (v/v) Tween-20 in Tris-buffered saline (TBST) for 1 h and then incubated with an appropriate dilution of primary antibody in 5% (w/v) BSA in TBST for 2 h. Blots were incubated with biotinylated secondary antibody for 1 h and then with HRP-conjugated streptavidin for 1 h. Signals were detected by enhanced chemiluminescence (Amersham Pharmacia Biotech, Piscataway, NJ, USA). Anti-mouse antibodies against BAX and Bcl2 were purchased from Cell Signaling Technology (Danvers, MA, USA).

Statistics
----------

Data are presented as mean±SEM of at least three independent *in vitro* experiments performed in triplicate or \>6 mice. To determine statistical significance, p values were calculated using one-way ANOVA (GraphPad Software, San Diego, CA, USA) ([@B24]).

RESULTS
=======

MSCs ameliorate renal injury in ADR-treated mice
------------------------------------------------

We examined the therapeutic effects of MSCs on renal injury in ADR-treated mice. ADR was injected once on day 0 and MSCs were transplanted on days 7 and 14, and the outcome was analyzed on day 28. MSC treatment showed the prolonged survival rate of ADR-treated mice: chemically-untreated control mice survived 100%, ADR-treated mice survived 57%, and ADR+MSC-treated mice survived 83% ([Fig. 1A](#F1){ref-type="fig"}). Body weight ([Fig. 1B](#F1){ref-type="fig"}) and kidney weight ([Fig. 1C](#F1){ref-type="fig"}) of ADR-treated mice decreased, and MSCs prevented these decreases. ADR increased the levels of proteinuria ([Fig. 1D](#F1){ref-type="fig"}) and serum creatinine ([Fig. 1E](#F1){ref-type="fig"}), and these effects were prevented by MSCs. PAS and Masson\'s trichrome staining data showed that ADR-increased glycoprotein accumulation (arrow ①), decreased capsular space (arrow ②), dilated tubules (arrow ③), and increased collagen accumulation (arrow ④) in the glomeruli; altogether, these data demonstrated that ADR caused pathological lesions in the glomeruli, characterized by the increase of glomerular size, glomerular sclerosis, and tubular damage; in contrast, the pathologic changes in MSC-treated mice were milder ([Fig. 1F](#F1){ref-type="fig"}). These data suggest that ADR impairs renal functions, which can be ameliorated by MSCs.

![MSCs ameliorate renal injury in ADR-treated mice. (A-G) Male BALB/c mice were intravenously injected with 10 mg/kg of ADR on day 0, and MSCs (1×10^6^ cells/mouse) on days 7 and 14 (arrows). Mice were sacrificed on day 28 to determine (A) survival rate, (B) body weight, (C) kidney morphology and weight, (D) proteinuria level, and (E) serum creatinine level. (F) Kidney sections were stained with PAS or Masson\'s trichrome stains. The amounts of glycoprotein (arrow ①), the size of capsular spaces (arrow ②), and the size of tubules (arrow ③), and the amounts of collagens (arrow ④) in the glomeruli were examined. Glomerular size, glomerular sclerotic index, and tubular damage score are presented. (G) Expression of the podocyte injury marker desmin was measured by immunohistochemistry. Each group are presented as CON (chemically-untreated control mice; n=6), ADR (ADR-treated mice; n=6), and ADR+MSC (ADR and MSC-treated mice; n=7), respectively. (H) Podocytes were isolated from normal BALB/c mice and were cultured with MSCs and/or 0.5 µg/ml of ADR for 24 h. Gene and protein expression of apoptotic (BAX) and anti-apoptotic (Bcl-2) molecules were measured by RT-qPCR and Western blot, respectively.\
^\*^p\<0.05 CON versus ADR; ^†^p\<0.05 ADR versus ADR+MSC; ^‡^p\<0.05.](in-19-e36-g001){#F1}

MSCs protect podocytes from ADR toxicity
----------------------------------------

We also examined expression levels of desmin, which is expressed in damaged podocytes. ADR strongly increased the kidney expression of desmin; MSCs suppressed this increase ([Fig. 1G](#F1){ref-type="fig"}). To examine the direct effect of MSCs on podocytes, we isolated podocytes and co-cultured them with MSCs in the presence of ADR. ADR strongly increased apoptotic BAX expression and decreased anti-apoptotic Bcl-2 expression in podocytes, and these effects were reversed at the mRNA and protein levels ([Fig. 1H](#F1){ref-type="fig"}). It was also confirmed by Western blot. Unfortunately, we could not use flow cytometric analysis because of low cell numbers. These data suggest that MSCs protect podocytes from the damage of ADR *in vivo* and *in vitro*.

MSCs inhibit renal inflammation in ADR-treated mice
---------------------------------------------------

Next, we examined whether MSCs could prevent renal inflammation in ADR-treated mice. ADR increased gene expression of inflammatory cytokines, including TNF-α, TGF-β, and IFN-α/β, and MSCs significantly inhibited this increase ([Fig. 2A](#F2){ref-type="fig"}). We also examined the effects of MSCs on the expression of CHI3L1, since CHI3L1 is highly expressed by intra-renal macrophages and plays a key role in inflammation, fibrosis, and repair after unilateral ischemia-reperfusion injury of the kidney ([@B25]). ADR increased gene expression of CHI3L1 in the kidney ([Fig. 2B](#F2){ref-type="fig"}) and protein levels in the serum ([Fig. 2C](#F2){ref-type="fig"}), and these effects were abolished by MSCs. Since the pathogenic role of CHI3L1 in ADR-induced nephropathy has not been studied yet, we further studied whether CHI3L1 is associated with renal inflammation by using KO mice. We injected ADR into CHI3L1 KO mice and measured proteinuria levels 28 days later. Unlike in wild-type (WT) mice, ADR only weakly increased proteinuria levels in CHI3L1 KO mice, confirming the pathogenic role of CHI3L1 as a pro-inflammatory cytokine in ADR-induced nephropathy ([Fig. 2D](#F2){ref-type="fig"}). ADR also increased the gene expressions of most chemokines, and this increase was inhibited by MSCs ([Fig. 2E](#F2){ref-type="fig"}). However, some variations were observed: we found strong inhibition of CCL4, CCL7, CCL19, and CXCL11 expression, but weak inhibition of others ([Fig. 2E](#F2){ref-type="fig"}). We also examined whether MSCs would prevent renal fibrosis in ADR-treated mice. ADR strongly increased mRNA expression levels of the representative extracellular matrix components, fibronectin and collagen 1α1 (Col1α1), and myofibroblast surrogate marker α-smooth muscle actin (α-SMA) in the kidney; all these effects of ADR were inhibited by MSCs ([Fig. 2F](#F2){ref-type="fig"}). Overall, our data suggest that MSCs have anti-inflammatory and anti-fibrotic activities.

![MSCs inhibit renal inflammation in ADR-treated mice. (A-C, E, and F) Male BALB/c mice were intravenously injected with 10 mg/kg of ADR on day 0, and MSCs (1×10^6^ cells/mouse) on days 7 and 14. Mice were sacrificed on day 28. The amounts of mRNA of cytokines (A), CHI3L1 (B), chemokines (E), and extracellular proteins, such as fibronectin, Col1α1, and α-SMA (F) were measured by RT-qPCR. (C) The level of CHI3L1 in serum was measured by ELISA. Each group are presented as CON (chemically-untreated control mice; n=6), ADR (ADR-treated mice; n=6), and ADR+MSC (ADR and MSC-treated mice; n=7), respectively. (D) ADR was injected to WT male C57BL/6 or CHI3L1 KO mice (C57BL/6 background) on day 0 and proteinuria level was measured on day 28. Each group are presented as CON (chemically-untreated control mice; n=4) and ADR (ADR-treated mice; n=4), respectively.\
^\*^p\<0.05 CON versus ADR; ^†^p\<0.05 ADR versus ADR+MSC; ^‡^p\<0.05.](in-19-e36-g002){#F2}

DISCUSSION
==========

Our data suggest that MSCs ameliorate ADR-induced renal injury by suppressing inflammation. In several renal injury models, MSCs inhibit the expression of inflammatory cytokines, including IL-1α, IL-6, IFNs, and TNF-α, and augment the expression of anti-inflammatory cytokines, such as IL-4 and IL-10 ([@B26][@B27][@B28]). MSCs also inhibit the expression of chemokines, such as CCL2, CCL3, CCL5, CXCL10, CXCL12, CXCL13, and CX3CL1, which are highly expressed in the kidney of patients or mice with systemic lupus erythematosus ([@B24][@B28]). Consistently, our data demonstrate that MSCs inhibit the expression of IFNs, TGF-β, TNF-α, CCL4, CCL7, CCL19, and CXCL11, although they did not affect the expression of IL-4 and IL-10 in our experiments (data not shown). Our data suggest that MSCs ameliorate renal injury by inhibiting inflammation via reduction in chemokine and cytokine expression in ADR-induced nephropathy. An interesting finding might be the increase of CHI3L1 in the kidney and serum of ADR-treated mice. CHI3L1 is a highly conserved glycoprotein expressed in a variety of cell types, including macrophages, neutrophils, chondrocytes, fibroblasts, vascular smooth muscle cells, endothelial cells, and epithelial cells ([@B29][@B30]). The expression of CHI3L1 is regulated by various cytokines, including IL-1β, IL-6, IL-13, IFN-γ, and TNF-α ([@B29]). Circulating levels of CHI3L1 are augmented in patients with asthma, rheumatoid arthritis, systemic lupus erythematosus, inflammatory bowel disease, sarcoidosis, chronic obstructive lung disease, infectious diseases, atherosclerosis, diabetes, and cancer ([@B29][@B30][@B31][@B32]). However, the biological roles of CHI3L1 in renal injury are largely unknown. In the present study, we provide 2 data to predict the role of CHI3L1 in renal inflammation: i) CHI3L1 expression is increased in the kidney and serum of ADR-treated mice and ii) renal injury caused by ADR is very weak in CHI3L1-KO mice. These data suggest that CHI3L1 might be a pro-inflammatory cytokine involved in the pathogenesis of renal injury in ADR-induced nephropathy.

ADR shows the toxicity to podocytes, which might be resulted in the renal inflammation ([@B1][@B3][@B4]). Podocytes are highly specialized cells maintaining the glomerular filtration barrier, and podocyte injury is observed in various renal diseases ([@B33][@B34]). Several studies showed that MSCs inhibited podocyte apoptosis via epithelial growth factor, VEGF, CCAAT/enhancer binding protein-α, and β-catenin in ADR-induced and a diabetic nephropathy ([@B3][@B4][@B34]). Consistently, our data demonstrate that MSCs significantly decrease the expression of the podocyte injury marker desmin in the kidney of ADR-treated mice and significantly inhibit pro-apoptotic BAX expression in ADR-treated podocytes in an *in vitro* co-culture setting.

Renal fibrosis is the final common pathway of renal diseases, such as diabetic, hypertensive, toxic, ischemic, or autoimmune diseases of kidney ([@B35]). Renal fibrosis in ADR-induced nephropathy is complexly associated with toxic damage to podocytes and glomerular structure, oxygen free radical accumulation, and inflammation ([@B35]). MSCs ameliorate renal fibrosis by inhibiting macrophage infiltration and TGF-β expression and by increasing matrix metalloproteinase expression ([@B5][@B26]). In agreement with these data, our data suggest that MSCs prevent the expression of fibronectin, Col1α1, and α-SMA by inhibiting podocyte damage, inflammation, and TGF-β expression.

In conclusion, we demonstrate the beneficial effect of MSCs on renal injury in ADR-induced nephropathy and suggest podocyte protection, anti-fibrosis, and anti-inflammation capabilities of MSCs as potential mechanisms. However, further studies are still required to address the role of chemokines, cytokines, and CHI3L1 in the kidney of ADR-treated mice. It will be interesting to study which cells produce chemokines, cytokines, and CHI3L1 and which cells are affected by these inflammatory factors. Furthermore, it will be also worthy studying how MSCs regulate these effector and target cell types. MSCs are well known to Tregs, B cells, NK cells, macrophages, and dendritic cells by producing the soluble factors, such as TGF-β, prostaglandin E~2~, and indoleamine 2,3-dioxygenase, and by expressing FasL and PD-L1 for contact-dependent inhibition ([@B16]). These data will help to reveal how MSCs inhibit renal inflammation in ADR-induced nephropathy in greater detail.
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